Abstract. Modification of macrophage phagosomes begins shortly after formation as 7bxop/asma cells secrete membranous vesicles that form a reticulate network within the vacuole. The/bxop/asma-modified compartments then resist normal endocytic processing and digestion. We have used the pronounced Ca ++-dependent stability of the intraphagosomal membrane (IPM) network to purify and characterize the structural proteins of this assembly. In addition to the structural matrix, Toxoplasma secretes a discrete set of soluble proteins, including a newly described 22-kD calcium-binding protein.
structural matrix, Toxoplasma secretes a discrete set of soluble proteins, including a newly described 22-kD calcium-binding protein.
The IPM network adheres to intact Toxoplasma cells after host cell lysis in the presence of 1 mM Ca++; however, the network readily disperses in calcium-free buffer and was purified as vesicles that sedimented at 100,000 g. Purified IPM vesicles were specifically recognized by immune sera from mice with chronic Toxop/asma infection and consisted primarily of a 30-kD protein when analyzed by SDS PAGE. IPM network proteins share a major antigenic component located on the surface of extracellular/bxop/asma cells as shown by immunopemxidase electron microscopy using a polyclonal antibody prepared against the IPM vesicles.
Moreover, in Toxoplasma-infected macrophages, anti-IMP antibody confirmed that the extensive IPM array contains proteins also found on the/bxop/asma cell surface. Our results indicate the IMP network represents a unique structural modification of the phagosome comprised in part of Toxoplasma surface proteins.
T
OXOPLASMA exploits the endocytic process to gain entry to host cells (32) , where it resides in modified vacuoles that resist microbicidal activity and normal digestion (15, 26, 33) . The modified phagosome appears to act as a protective interface, supporting prolific growth and multiplication of the parasite at the expense of the host cell.
The establishment of Toxoplasma within modified host cell vacuoles leads to chronic infections characterized by intracellular cysts located primarily in striated muscle and the central nervous system (5, 23) . Exacerbation of latent infection due to cyst rupture and unrestricted parasite replication results in a life-threatening condition in immunocompromised patients (24) . The specialized endocytic compartment in which living Toxoplasma reside contains a prominent vesicular network that forms connections with the parasite plasma membrane and the phagosome membrane (14, 21, 22) . The origin and function of this assembly are unknown; however, similar networks occur in host cell phagosomes containing other protozoa that subvert host cell endocytic processing (3, 4, 13, 20, 31) .
To elucidate the components of this crucial parasite-host interface, we isolated intraphagosomal membrane (IPM) I
Antisera Production
Polyclonal anti-IPM network sera were produced by intramuscular immuniration of CF-1 mice with native IPM network proteins from preparations that were screened for purity by SDS PAGE. The inital injection of 10 Ixg protein was administered in complete Freund's adjuvant followed by two injections of 5 gg protein in incomplete Freund's given at 10-d intervals.
Mouse anti-Toxoplasma sera were produced in CF-1 mice with chronic C-strain Toxoplasma infection followed by boosting with RH-strain Toxop/asma as previously described (27) .
Isolation of lPM Networks
Freshly isolated, washed Toxoplasma cells were incubated for 30 min at 4°C in dissociation buffer consisting of calcium-magnesium-free (CMF) phosphate-buffered saline (PBS) (Irvine Scientific, Santa Ann, CA) pH 7.2 containing 10 U/ml beparin, 0.1 mM EDTA, 0.1 mM dithiothreitol, 1 ~g/ml phenylmethylsulfonyl fluoride, 10 ktg/ml tosyl lysine chloromethyl ketone (Sigma Chemical Co.). Incubation in isotonic dissociation buffer did not affect the viability of Toxoplasma cells as shown by mouse inoculation and by the ability of treated Toxoplasma to infect host cells in vitro as previously described (27) . The protocol used to isolate IPM network and characterize secretion products of Toxoplasma under Ca ++ free conditions is illustrated in Fig. 1 . After incubation in dissociation buffer, intact Toxoplasma cells were pelleted and the supernatant clarified by five spins at 1,000 g for 10 min each. The clarified supernatant was fractionated by cantrifugation first at 10,000 g for 60 min then at 100,000 g for 120 rain. The 100,000 g pellet was washed twice in dissociation buffer using an air ultramicrofuge (Beckman Instruments, Inc., Palo Alto, CA) at 100,000 g for 60 min. The 100,000 g supernatant, referred to as the soluble protein fraction, was concentrated with Centricon-10 columns (Amicon, Danvers, MA) and stored at -20°C.
Electron Microscopy (EM)
Transmission EM. Cells were fixed with 2% glutaraldehyde (CA) in 0.1 M cacodylate buffer, postfixed with 1% osmium tetroxide, dehydrated in a graded series of ethanol, and embedded in LR White resin (London Resin Co. Ltd, Hampshire, England). To enhance membrane staining, cells were postfixed in 1% osmium tetroxide plus 0.5% potassium ferricyanide (9) or fixed with GA plus 1% tannic acid and postfixed with osmium plus 1% tannic acid (28). Thin sections were stained with uranyl acetate and lead citrate and viewed with a JOEL 100CX EM.
SeroiogicaUy Specific Electron Microscopy (SSEM).
For SSEM (7), carbon-formvar-coated grids were incubated 30 rain in 1:100 dilution of mouse anti-Toxoplasma sera, or normal mouse sera, washed three times in PBS, and incubated 1 h with suspensions of the isolation fractions. SSEM grids were again washed three times and stained with either 1% uranyl acetate or 2% phosphotungstic acid, air dried, and viewed with a JOEL 100CX EM. 
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Electrophoresis SDS PAGE. Toxoplasma cells and fractions isolated as described above
were boiled 2 min in 1% SDS, 2% 2-mercaptoethanol, 1% Triton X-100, 10 mM Tris-HCl containing 0.1 m_M EDTA, 0.1 mM dithiothreitol, 1 gg/ml phenylmethylsulfonyl fluoride, and 10 I~g/ml tosyl lysine chloromethyl ketone. Proteins were separated by electrophoresis in 6-14% gradient polacrylamide gels using the discontinuous buffer system of Laemmli (18) . Protein content was estimated using the Bio-Rad protein assay kit (Bio-Rad Laboratories, Richmond, CA) with molecular weight markers as a standard. Molecular weight markers consisted of: cytochrome c (12,300), lysozyme (14,000), alpba-chymotrypsinogen (25,700), ovalbumin (43,000), bovine serum albumin (BSA) (68,000), phosphorylase b (97,400), and myosin (200,000) (Bethesda Research Laboratories, Gaithersburg, MD). Gels stained with 0.01% Coomassie Blue for 4 h were destained in 7.5% acetic acid/5 % methanol followed by silver staining using a method developed by one of us (G. M. W. Adams). Briefly, gels were incubated 30 rain in 0.1% silver nitrate then developed with 3 % sodium carbonate for 3-5 rain. Development was stopped by addition of 2.3 M sodium citrate at a ratio of 12.5 ml per 250 ml of developer. Overstained gels were briefly destained with Kodak rapid fixer diluted 1:5, washed in Kodak hypoclear for 5 min, and stored in distilled water.
lmmunoblotting. Proteins were transferred from SDS PAGE gels to 0.1-1~m nitrocellulose paper (NCP) (Schleicher & Schuell, Inc., Keene, NH) by electrophoresis at 50 V for 6 h, 4°C, using the glycine-methanol buffer system of Towbin et at. (30) . NCP strips were blocked for 1 h with Tris-saline (25 mM Tris-HC1, 0.9% NaC1, pH 7.5) containing 1% Tween-80 and 3% BSA. NCP strips were then washed three times for 15 rain in Trissaline and incubated with primary antisera diluted 1:100 in Tris-saline for 1 h. After three 15-rain washes in Tris-saline, NCP strips were labeled with 12SI-protein A (1 x 106 cpm/ml, 2 x 10 ~ cpm/Ixg protein). After extensive washing, NCP strips were air dried and autoradiographed at -70°C using Kodak XRP-5 film.
*~Ca ++ Binding. Proteins from each of the isolation steps were ana~ lyzed for calcium binding activity by autoradingraphy of NCP blots incubated in 45Ca++ (19) . Native proteins were dot-blotted onto 0.1-I.tm NCP, air dried, and washed twice with 50 m.M Tris-HCl pH 7.4. Proteins were transferred from SDS PAGE gels to 0.1-gin NCP by electrophoresis at 50 V for 2 h, 4"C, using the glycine-methanol system of Towbin et at. (30) . NCP blots were incubated in calcium-free hybridization buffer consisting of 60 mM KCI, 10 mM Tris-HC1 (pH 6.8), 5 mM MgCi2 for 1 h before radioactive labeling. NCP strips were then incubated in hybridization buffer containing 1 lxCi/ml 4SCaC12 (9.35 IxCi/lxg Ca ++) for 10 min, washed 5 min in distilled H20 (pH 6.8), air dried, and autoradiographed.
Results
Development of lntraphagosomal Networks
The expression of Toxoplasma networks within macrophage phagosomes was examined by electron microscopy at time intervals of 5, 10, 30, and 60 min after infection. Membranous profiles were observed within the newly formed phagocytic vacuole, typically near the apical end of the organism The membrane protrusions are comprised of multiple lamellar whorls that resemble stacked membranes with spacing of 5-7 nm. P, pellicle. PM, plasma membrane. Bar, 0.1 I~rn. (Fig. 8 ) Electron micrograph of purified network vesicles that were thin sectioned and stained with uranyl acetate and lead citrate. Vesicles contained in the 100,000 g pellet demonstrate unit membrane profile similar to IPM networks within modified phagosomes (compare Fig. 4) . Bar, 0.1 ltm. (Fig. 9 ) Serologically specific electron micrograph of purified network vesicles negatively stained with phosphotungstic acid. IPM network vesicles were specifically absorbed by mouse anti-7bxop/asma antibody, coated grids (a) but not by normal mouse sera-coated grids. (b). Bar, 0.1 lan.
within 5 min after invasion (Fig. 2) . The phagosome membrane was continuous in all cases indicating the initial vacuole is formed by invagination of the host cell plasma membrane. Strands of host cell rough endoplasmic reticulum were closely adjacent to the limiting vacuole membrane, but were not connected during the early stages of infection.
Well developed structural networks, consisting of 200-rim diam vesicles and elongate tubules, were apparent within modified phagocytic vacuoles as early as 10 min (Fig. 3) . The tubules measured 40-60-nm diam by 200-500 nm in convoluted length and appeared bilaminar in cross-section. A dramatic enlargement of the modified vacuole occurs between 30 and 60 min and connections are evident between the vacuole membrane and the parasite surface membrane via an extensive IPM network (Fig. 4) . A closely apposed layer of host rough endoplasmic reticulum and mitochondria gives the modified vacuole a double or triple membrane profile not seen in normal phagosomes (Fig. 4, arrows) .
Calcium Responsiveness and Purification of ExtraceUular IPM Networks
Toxoplasma cells liberated from lysed host cells were sepa-rated from host cell components by filtration and repeated washing. Extensive IPM networks adhered to Toxoplasma cells pelleted at low speeds (i.e., 100-500 g) in the presence of 1 mM Ca ++ (Fig. 5) ; however, in the absence of Ca ++, IPM networks dispersed and are not found associated with Toxoplasma cells pelleted at low speed (not shown). We have used this Ca++ sensitivity to purify dispersed IPM network components from intact Toxoplasma cells under isotonic conditions (Fig. 1) .
Washed Toxoplasma ceils were agitated for 30 min in CMF PBS to disperse the IPM network allowing intact organisms to be removed by low speed centrifugation. Toxoplasma cells incubated in CMF PBS showed numerous extensions of the plasma membrane although the internal cell structure remained normal (Fig. 6) . These plasma membrane extensions did not form when Toxoplasma cells were fixed in the presence of calcium. Bilaminar extensions of the parasite membrane formed during CMF PBS incubation were similar to tubular components of the IPM network associated with Toxoplasma cells within macrophage vacuoles (compare Figs. 4 and 6 ). Tannic acid staining demonstrated these membrane extensions consisted of lamellar whorls with 5-7-nm spacing that resembled concentric membrane layers (Fig. 7) .
Immune Recognition of lPM Networks
Serologically specific EM (7) was used to identify conditions necessary to purify IPM networks after disaggregation in CMF PBS. Fractions of the isolation protocol were screened using mouse anti-Toxoplasma antibody coated grids to specifically detect components of the IPM network. Membrane-delineated vesicles of similar size and appearance to the IPM network tubules were observed in thin sections of the 100,000 g pellet (Fig. 8) . The vesicles were specifically recognized by mouse anti-Toxoplasma sera coated grids incubated in the 100,000 g pellet, but were not detected in the 10,000 g pellet by SSEM (Fig. 9) .
Protein Analysis
SDS PAGE was used to characterize secretion products of lbxoplasma cells including the structural components of IPM networks. Toxoplasma cells secreted a number of soluble proteins, detected in the CMF PBS 100,000 g supernatant (Fig. 10, lane 3) which were significantly different from proteins detected by deliberate lysis of whole Toxoplasma cells (Fig. 10, lane 2) . The 100,000 g pellet, which contained membrane vesicles recognized by anti-Toxoplasma sera, was comprised primarily of a 30-kD protein with minor components of 35 and 20 kD (Fig. 10, lane 4) . The lack of detectable protein in the 10,000 g pellet, which would normally contain organelles from disrupted cells, confirmed that Toxoplasma cells were not lysed by CMF PBS incubation (Fig. 
10, lane 5).
Calcium Binding
Calcium binding activity of proteins immobilized on NCP was detected by autoradiography after labeling with 45Ca++ in the presence of excess Mg ++. Dot blots of native proteins contained in whole Toxoplasma cell lysate and in purified IPM network vesicles did not bind significant amounts of 45Ca++ (Fig. 11, lanes 2 and 4) . However, Toxoplasma pro- tein(s) secreted during CMF PBS incubation and concentrated in the 100,000 g supernatant showed a high affinity for 4SCa++ (Fig. 11, lane 3) . To identify the component responsible for this calcium-binding activity, proteins were separated by SDS PAGE and transferred to NCP for autoradiography after 45Ca++ labeling. Bovine brain calmodulin, which retains calcium-binding activity after SDS treatment (19) , was used as a positive control (Fig. 12, lane 3) . A 22-kD pro- tein contained in 100,000 g CMF PBS supernatant demonstrated a high affinity for 45Ca++ (Fig. 12, lane 2) . This 22-kD protein was not evident in an equal amount of total protein from lysates of whole Toxoplasma cells (Fig. 12, lane 1), indicating it is specifically secreted in a soluble form by Toxoplasma cells during incubation in CMF PBS.
lmmunoperoxidase Localization of IPM Network Proteins
Polyclonal mouse anti-IPM antibody was produced in mice by immunization with IPM networks which consist predominately of a 30-kD protein. The anti-IPM antibody recognized primarily a similar 30-kD protein in extracts of whole Toxoplasma cells by Western blotting analysis (Fig. 13) . Normal mouse sera did not label any Toxoplasma proteins under the conditions shown in Fig. 13 .
Immunoperoxidase EM was used to localize in situ the IMP network proteins recognized by anti-IMP antibody (predominately 30 kD). Toxoplasma cells treated with normal mouse sera lacked peroxidase reaction product (Fig. 14) . Anti-IMP antibody recognized determinants on the surface of extracellular Toxoplasma cells (Fig. 15) and on the tubular extensions of the cell surface characteristic of incubation in CMF PBS (Fig. 16) . In/bxop/asma-infected macrophages, the anti-IMP antibody recognized proteins on the surface of intracellular/bxop/asma and IPM networks (Fig. 17) . Moreover, peroxidase reaction product was evident in the region of the phagosome vacuole membrane but not on the macrophage plasma membrane (Fig. 17) , indicating that the IMP /bxop/asma proteins may be associated with the modified phagosome membrane. Although this later reaction product may be the result of nonspecific deposits of diaminobenzidine, we have minimized the potential for such artifacts by using short development times as previously described (6) .
Discussion
Toxoplasma secretes a protein-rich network within host cell phagosomes that is evident within 5 min of entry. The rapid expression of the parasite-derived network suggests it may function in evasion of microbicidal events initiated as the phagosome forms (2, 10, 17) . Consistent with a role in intracellular survival, the IPM network is produced by live Toxop/asma entering macrophages but not when heat killed or specific antibody-coated parasites are engulfed and digested by macrophages (15, 21) . The exceeding stability of this Figures 14-17 . (Fig. 14) Immunoperoxidase electron micrograph of normal mouse sera on extracellular Toxoplasma cells demonstrates lack of nonspecific labeling. Bar, 1.0 ltm. (Fig. 15 well as in the tubular extensions which form the IPM network. In addition, anti-IMP peroxidase reaction product was evident along the phagosome membrane of Toxop/asma-containing vacuoles. However, the potential limitations of diaminobenzidine in resolving the precise localization of bound immunoglobulin (6) preclude us from establishing whether IMP proteins are in fact intimately associated with the phagosome membrane.
We have recently confirmed that the 30-kD protein isolated from IPM networks reacts with a monoclonal antibody (1EU, reference 12) to the 27-30-kD major surface protein of Toxoplasma (manuscript in preparation). The 30-kD surface protein is a major antigenic component of Toxoplasma recognized serologically by both chronically infected mice and humans (12) . In the present study, chronic mouse sera specifically absorbed the IPM vesicles from solution, indicating that antigenic proteins are exposed on the surface of 
